The link between life history traits and mating systems in diploid organisms has been extensively addressed in the literature, whereas the degree of selfing and/or inbreeding in natural populations of haploid-diploid organisms, in which haploid gametophytes alternate with diploid sporophytes, has been rarely measured. Dioecy has often been used as a proxy for the mating system in these organisms. Yet, dioecy does not prevent the fusion of gametes from male and female gametophytes originating from the same sporophyte. This is likely a common occurrence when spores from the same parent are dispersed in clumps and recruit together. This pattern of clumped spore dispersal has been hypothesized to explain significant heterozygote deficiency in the dioecious haploid-diploid seaweed Chondrus crispus. Fronds and cystocarps (structures in which zygotes are mitotically amplified) were sampled in two 25 m 2 plots located within a high and a low intertidal zone and genotyped at 5 polymorphic microsatellite loci in order to explore the mating system directly using paternity analyses. Multiple males sired cystocarps on each female, but only one of the 423 paternal genotypes corresponded to a field-sampled gametophyte. Nevertheless, larger kinship coefficients were detected between males siring cystocarps on the same female in comparison with males in the entire population, confirming restricted spermatial and clumped spore dispersal. Such dispersal mechanisms may be a mode of reproductive assurance due to nonmotile gametes associated with putatively reduced effects of inbreeding depression because of the free-living haploid stage in C. crispus.
INTRODUCTION
The variation in reproductive systems found in both plant and animal taxa has profound impacts on mating system evolution and population genetic structure. Mating systems can exert a strong influence on the evolutionary ecology of a species and, as such, have been extensively reviewed in the literature (for plants, see Karron et al., 2012; for animals, see Shuster, 2009 ). Outcrossing species generally exhibit larger, more genetically diverse populations, whereas species undergoing inbreeding tend to exhibit smaller effective population sizes with lower genetic diversity and reduced effective recombination. In seed plants, an understanding of the suite of life history changes accompanying the transition from outcrossing to selfing has recently been advanced by comparative analyses within lineages with both selfing and outcrossing species and by investigating the effects of key floral traits on variation in selfing rates (reviewed in Karron et al., 2012) . However, the initial transition to selfing will result in high levels of inbreeding depression. Inbreeding depression is thought to play a key role in opposing the evolution of self-fertilization (Sletvold et al., 2013 and references therein) . Once the deleterious mutations have been purged from the population by selection, there will no longer be a cost to selfing and it can become adaptive. For example, if a species is limited in their opportunities to breed by seasonality, pollen limitation, low densities or short lifespans, selfing can be a form of reproductive assurance (Hardy et al., 2004; Kalisz et al., 2004) .
In diploid-dominant angiosperms, gametophytes may be retained, but are few-celled and always unisexual. In contrast, ferns, mosses, fungi and many algae alternate between diploid and haploid stages, in which the haploid stage is prolonged and multicellular. Different mating systems may be distinguished in haploid-diploid species (reviewed in Soltis and Soltis, 1992) : (1) intragametophytic selfing, in which the fusion of gametes produced by the same gametophyte results in homozygosity at all loci (Klekowski, 1973) , (2) intergametophytic selfing, in which cross-fertilization occurs between two gametophytes produced by spores from the same sporophyte (analogous to selfing in seed plants and animals; Klekowski, 1969) and (3) intergametophytic crossing, in which cross-fertilization occurs between two gametophytes produced by spores from two different sporophytes (analogous to outcrossing in plants and animals). Intergametophytic selfing results in reduced heterozygosity and potentially inbreeding depression, just as selfing does in diploid organisms. Moreover, a prolonged haploid phase may favor purging of deleterious mutations as selection can act directly on the genotypes 1 CNRS, UPMC University Paris 06, Sorbonne Universités, UMI 3614, Evolutionary Biology and Ecology of Algae, Station Biologique de Roscoff, Roscoff, France; of haploid gametophytes eliminating deleterious alleles (Otto and Goldstein, 1992) , potentially reducing inbreeding depression.
Selfing has been explored in ferns (see, for example, de Groot et al., 2012) and mosses (for example, inbreeding depression in the sporophyte stage, Taylor et al., 2007) , but surprisingly few studies have addressed selfing rates in fungi (reviewed in Billiard et al., 2012) or algae. Moreover, few studies have searched for correlates of sexual reproduction and life history traits in haploid-diploid organisms (but see review of mosses in Crawford et al., 2009) . Dioecy, or separate sexes, is often used as a proxy for the mating system in haploiddiploid organisms as the evolution of different sexes is likely driven by selection for outcrossing (Bell, 1997 ). Yet, dioecious haploid gametophytes can still undergo intergametophytic selfing, especially in populations with strong spatial structure.
Red seaweeds (Florideophyceae) are particularly interesting models to address questions related to evolutionary ecology of haploid-diploid organisms. Haploid gametophytes alternate with diploid tetrasporophytes; however, the female gamete is retained on the female thallus (Figure 1 ). Within the cystocarp, the zygote is mitotically amplified hundreds to thousands of times resulting in genetically identical diploid spores, called carpospores. This polyembryonic process is directly analogous to cloning in diploid organisms. Most of the literature available on red seaweeds suggest male gamete dispersal, and therefore fertilization is extremely limited in both space and time (Searles, 1980; Santelices, 1990) . First, red algal sperm (spermatia) are non-flagellated and, therefore, lack the ability to swim the final, crucial distance to the female. Second, spermatia are viable for a matter of hours upon release (for example, o6 h in Gracilaria gracilis, Destombe et al., 1990) . Thus, in red florideophycean seaweeds, the three freeliving stages, non-motile dispersal propagules (that is, spermatia, tetraspores and carpospores) and zygotic amplification following fertilization can have dramatic impacts on mating system evolution.
Paternity analyses (or analyses of progeny arrays) have been a very efficient method with which to study mating systems (see, for example, Zipperle et al., 2011) . Moreover, paternity analyses enable the detection of apomixis or intragametophytic selfing that would otherwise be difficult to detect by analyzing population structure alone. Surprisingly, only Engel et al. (1999) utilized paternity analyses to characterize the mating system of the red alga G. gracilis. Contrary to the expected association of inbreeding with the haploid-diploid life cycle (Otto and Goldstein, 1992) , G. gracilis gamete encounters were clearly allogamous (Engel and Destombe, 2002; Engel et al., 2004) . Despite the paradigm of low red algal fertilization success, many different males, even males from different tide pools, were found to have fertilized the females studied (Engel et al., 1999) .
The aim of this study was to investigate the patterns of gamete encounters in a natural population of the red seaweed Chondrus crispus Stackhouse, a species characterized by high levels of intergametophytic selfing , 2013a . In this study, we addressed the following questions using cystocarps as records of fertilization events: (1) do tetraspores (leading to gametophytes) disperse, recruit and germinate into clumps of sibling haploid gametophytes; (2) is the mating system mostly inbred and (3) are males as extremely rare as previously thought in C. crispus (but see Tveter-Gallgher et al., 1980) ? We examined the levels of relatedness among life history stages in order to determine whether clumped spore dispersal, as hypothesized by Krueger-Hadfield et al. (2013a) , led to significant heterozygote deficiency. In addition, we discuss the roles and evolutionary implications of the intertidal shorescape, Figure 1 The life cycle of Chondrus crispus is typical of the Florideophyceae. Nonmotile spermatia fertilize the female gamete (carpogonium) that is retained on the haploid female gametophyte (syngamy). A female may have many cystocarps of varying size and age depending on when carpogonia became mature on a particular part of the thallus and when carpogonia were fertilized. Within the cystocarp (the structure that develops on the female thallus following fertilization), the zygote is mitotically amplified producing thousands of diploid carpospores. The diploid carpospores produce the diploid free-living tetrasporophyte. Meiosis occurs in the tetrasporophyte-releasing haploid tetraspores that form the free-living haploid female and male gametophytes (photos: SA Krueger-Hadfield).
intergametophytic selfing and polyandry in red florideophycean seaweeds.
MATERIALS AND METHODS

Sampling design and cystocarp excision
Following the sampling methodology applied in our previous study (KruegerHadfield et al., 2013a) , two 5 × 5 m grids were sampled within a high shore (3.6 m above mean low water) and a low shore (2 m above mean low water) intertidal stand of C. crispus at the Port de Bloscon (48°73′ N, 3°97′ W) in Roscoff, France, in February 2010. A frond was sampled, if present, every 25 cm, whereby a maximum of 441 fronds could be sampled within each grid at each shore height.
Haploid fertilized female gametophytes, haploid male gametophytes and diploid tetrasporophytes were identified by the presence of reproductive organs, if present. During field sampling, 13 males in the high grid and 29 males in the low grid were morphologically identified by the presence of distinct pinkishwhite bands below the apices (Tveter-Gallgher et al., 1980) . However, if vegetative, ploidy was determined using the acetal-resorcinol reaction test in which reproductive female gametophytes and tetrasporophytes were used as ploidy controls (Krueger-Hadfield et al., 2013a) .
The cystocarp is unique to Florideophycean red algae and is composed of the carposporophyte (that is, the structure that generates carpospores following fertilization) and enveloping haploid, gametophytic tissue (that is, the pericarp). The cystocarp becomes visible several weeks after fertilization and a female may bear cystocarps of varying age resulting from different fertilization events. Preliminary tests of cystocarps ranging in age from young (that is, recently fertilized) to old (that is, partially opened structure in which most of the carpospores had already been liberated) demonstrated dark red cystocarps produced reliable amplification of both maternal and paternal alleles at each locus because of sufficient paternal DNA present as the carpospores were mature but not yet released (SA KruegerHadfield, personal observation). For each fertilized female gametophyte, these fully developed cystocarps were preferentially selected and excised from the female thallus under a dissecting microscope (×10-20) using a microscalpel. Table 1 The females and sampled cystocarps from (a) the high 5 m grid and (b) the low 5 m grid with (1) the code for each female, (2) the total number of cystocarps sampled per female, (3) the total number of loci used to genotype the cystocarps, (4) the number of different sires, (5 the number of sires who fertilized a female more than once, with the number of cystocarps sired by each different male given in parentheses, (6) the number of cystocarps identical to the maternal genotype and (7) the number of cystocarps that did not amplify at one or more loci The symbol '*' denotes a female used in the calculation of kinship coefficients. For seven females, only four loci were used to genotype as one locus failed to amplify in a majority of the cystocarps.
Surrounding maternal, haploid tissue was removed as much as possible, though the pericarp could not be entirely removed. Cystocarps were stored at − 20°C. Nine females from the high 5 m grid and 20 females from the low 5 m grid were chosen as they had 410 cystocarps, enabling the calculation of kinship coefficients and other metrics where maximizing the number of mothers increases accuracy more than increasing the number of offspring per mother (Table 1 and Supplementary Figure 1) . In total, 223 cystocarps were analyzed from the high grid and 344 from the low grid (Table 1) .
DNA extraction and genotyping
Total genomic DNA was extracted using the Nucleospin 96 plant kit (Macherey-Nagel, Düren, Germany), according to the manufacturer's instructions except for the cell lysis buffer in which samples were left at room temperature for at least 2 h rather than heating to 65°C for 30 min. Silica gel-dried thallus tissue was ground to a powder using a mixer mill (Retsch GmbH, Haan, Germany), whereas cystocarps were manually broken open using a pointed probe. Each sample was eluted in 100 μl elution buffer.
Krueger-Hadfield et al. PCRs were performed for each locus separately following the protocols described in Krueger-Hadfield et al. (2013a) . However, as opposed to 2 μl of frond DNA template, 5 μl of cystocarpic DNA template was used per reaction. Of each PCR product, 2 μl diluted to 1:10 for individual fronds and neat for the cystocarps was added to 10 μl of loading buffer containing 0.3 μl of size standard (GeneScan 600 Liz, Applied Biosystems, Foster City, CA, USA) plus 9.7 μl of Hi-Di formamide (Applied Biosystems). Samples were electrophoresed on an ABI 3130 xl capillary sequencer (Applied Biosystems). Genotypes were scored manually using GENEMAPPER ver. 4 (Applied Biosystems). For a discussion of allele binning and locus error rates, see Krueger-Hadfield et al. (2013a) .
Paternity analyses
The haploid genotype of each gametophyte can be readily identified with hypervariable microsatellite loci. The maternal multilocus genotype (mMLG) was determined by genotyping vegetative tissue from the haploid female thallus. Then, the paternal gametophytic multilocus genotypes (pMLGs) were unambiguously inferred by subtracting the mMLG from the cystocarpic genotypes across all loci ( Figure 2 ). Unlike diploid-dominant seed plants and animals, the true father of each cystocarp can be identified exactly, without the need for maximum likelihood estimators to determine diploid sires that contributed one, but not both alleles at a locus to the progeny.
We performed paternity analyses by directly comparing the haploid pMLGs to (1) the mMLGs in order to determine the frequency of homozygous cystocarps, (2) each pMLG that fertilized cystocarps on the same female in order to determine the number of males who may have fertilized a female more than once, (3) all the pMLGs in order to determine the number of males that fertilized more than one female and (4) all gametophytic MLGs, reproductive and vegetative, scored at the Port de Bloscon (Krueger-Hadfield et al., 2013a) in order to locate putative sires using the Multilocus Matches option in GenAlEx ver. 6.41 Smouse, 2006, 2012) . This method does not, however, account for scoring errors; however, see a discussion of scoring errors in Krueger-Hadfield et al. (2013a) .
The mean proportion of cystocarpic sires to cystocarps was computed in each shore level separately using maximum likelihood estimators, assuming a binomial distribution. However, the assumption of one binomial distribution that can describe the pattern of paternity across all 29 females used in this study may not be valid (Young-Xu and Chan, 2008) . Thus, a test for overdispersion was computed following Roumagnac et al. (2004) and Sparks et al. (2008) and then the fit of both the binomial and β-binomial models were compared using a likelihood ratio test (see Supplementary Figure 2 and Supplementary Note 1). Using the model with the best fit, the two shore levels were then compared using the same likelihood approach as implemented to compare the two distribution models (see Supplementary Note 1).
Testing for genotyping errors
Although a direct comparison approach, such as the one employed above, does not permit the calculation of genotyping errors, which might lead to a mismatch between a candidate parent and its offspring, incorporating ploidy and known levels of inbreeding are not possible with existing software (see Supplementary Note 2). We verified that the mMLG was present in every one of the cystocarps genotyped from each female. This is a very robust test for genotyping errors that could be calculated by the number of cystocarps in which 'nonsense' alleles amplified, but did not correspond to the known mMLG.
A second type of genotyping error may arise in which a mismatch occurs between a putative sire and field-sampled gametophyte at any given locus. If genotypes are determined with 100% accuracy, then a mismatch between a pMLG and a field-sampled gametophyte would imply that the field-sampled gametophyte is not the sire. If genotypes contain errors, a mismatch might be due to a typing error, mutation or null alleles in the offspring or the putative sires. Thus, each putative mismatch at one or two loci as identified by the Multilocus Matches option in GenAlEx was checked for each pMLG and fieldsampled gametophyte pair to verify allele calls (see Supplementary Note 2).
Finally, a third type of genotyping error could arise because of the difficulty in amplifying paternal DNA from the cystocarp. It is very difficult to remove all maternal tissue (that is, the pericarp surrounding the spores). Nonamplification of a paternal allele may be because of technical errors and lead to overestimation of homozygosity (that is, higher value of F is ). However, there was no evidence of short allele dominance at any of the microsatellites used in this study (Krueger-Hadfield, 2011) . Alternatively, high levels of inbreeding could lead to inbreeding depression in which spores with very high levels of homozygosity do not often germinate and are, therefore, not found in the tetrasporophytic subpopulation. In order to determine whether levels of homozygosity were similar between the field-sampled tetrasporophytes and cystocarps (which produce the spores that lead to tetrasporophytes), bootstrap estimates of average homozygosity were determined for the tetrasporophytes and cystocarps from each shore level and t-tests were conducted between comparisons using bootstrap estimates of standard error (1000 bootstrap replicates across loci) and Bonferroni correction (Sokal and Rohlf, 1995) using R, ver. 3.03. (R Core Team, 2014) .
Parental tetrasporophytes
In order to determine the parentage of the sampled gametophytes and to describe tetraspore dispersal distances, a C++ program (available on request) was used to determine whether the sampled tetrasporophytes could have produced the female and male gametophytes sampled in the field and reconstructed during paternity analyses by comparing the alleles present in the gametophytes with those present in the tetrasporophytes.
Kinship coefficients
In order to determine whether related males and females were exchanging gametes, kinship coefficients were calculated (Loiselle et al., 1995; Ritland, 1996) . The kinship coefficient (r) between two individuals estimates the probability that two alleles at a locus, sampled at random from each individual, are identical by descent (Malécot, 1948) . In a haploid-diploid species undergoing random mating, the kinship coefficient between haploid full-sibs is 0.5, whereas it is also 0.5 between diploid full-sibs (sharing the same haploid parents) and 0.25 between half-sibs. It is important to note that inbreeding would increase these values. The kinship coefficient between a diploid parent and its offspring is 0.5, as diploids produce haploids via meiosis. In contrast, each haploid parent contributes its entire genome to each diploid offspring because haploid gametes are produced via mitosis (Figure 1) .
The estimators of Ritland (1996) and Loiselle et al. (1995) were used to calculate kinship coefficients between different pairs of female and male gametophytes in the high and low shore stands of C. crispus. The main difference between both estimators is that the Ritland estimator gives relatively more weight to rare alleles in the population. The exact numerical values obtained using both estimators should be taken with caution, as their reliability is highly dependent on the choice of population allele frequencies (p i ). For this reason, and in order to estimate this potential bias, the estimators were Paternity analyses in Chondrus crispus SA Krueger-Hadfield et al computed using two different reference allele frequencies: (1) allele frequencies from both sampled grids (high and low) and (2) allele frequencies from the high (respectively low) grid for individuals sampled from the high (respectively low) grid. Thus, there was an estimate for the entire shore and an estimate within shore height. In general, estimates of kinship coefficients may be biased upward because pairs of individuals may come from other parts of the population where allele frequencies may be different. Nevertheless, our results allowed us to contrast patterns of kinship between different types of pairs of individuals (see below). Cystocarps with missing information at one or more loci were removed, along with their corresponding female, before kinship calculations. A total of six high grid and 16 low grid females (females denoted by an * in Table 1 ) and associated progeny were retained to calculate average kinship coefficients for three different types of kinship pairs, using a MATHEMATICA notebook (Wolfram Research, Champaign, IL, USA), available upon request. The first type was of female-male mating pairs (♀ a − ♂ ♀a ). The kinship coefficient was calculated for each female-male pair and then averaged over all males that fertilized the same female to obtain a value for each female. The second type of pair consisted of two males that fertilized carpogonia (eggs) on the same female (♂ ♀a1 − ♂ ♀a2 ). Again, the values obtained were averaged over all pairs of males to obtain a single value for each female. Finally, the third type of pair consisted of two males that fertilized different females from the same grid (♂ ♀a − ♂ ♀allpop ). The average of these values was obtained for each female's fertilizing males.
Four different types of comparison were analyzed using permutation tests conducted by randomly resampling kinship coefficients between each group using R. An empirical type I error rate was calculated based on 10 000 permutations. Multiple comparisons were performed after Bonferroni correction (Sokal and Rohlf, 1995 ; see Supplementary Note 3 for detailed explanation of each comparison). The first comparison was made in order to investigate whether the reference allele frequency used led to different kinship coefficients among the three kinship pairs. Second, the Ritland and Loiselle estimators were compared for each kinship pair in order to evaluate the differences, if any, between both estimators. Third, comparisons were made between different kinship pairs within each shore level stand in order to investigate levels of relatedness between kinship pairs. Finally, fourth, the levels of relatedness between each type of kinship pair were contrasted between shore heights.
RESULTS
Genotyping errors
There were 26 cystocarps from the high shore stand and 72 from the low shore stand that did not amplify at one or more loci after at least two PCR attempts (Table 1) . These cystocarps were removed from the data set before subsequent analyses. None of the cystocarps exhibited nonsense alleles in which other allele(s) amplified, but not the maternal allele. In other words, all amplifications resulted in either no amplification or the amplification of one allele matching the maternal allele. However, only 10 cystocarps exhibited complete homozygosity (that is, genetically identical to the mMLG) and were found exclusively in the low shore (Table 1 ). In addition, putative sires differing at one or at two loci exhibited alleles that were different from one another by more than a few base pairs, indicating different genotypes rather than genetic mismatches.
Although no difference was detected between low shore cystocarps and tetrasporophytes (t = 1.70, P40.08, α = 0.008), high shore tetrasporophytes were more homozygous than the high shore cystocarps (t = − 3.02, Po0.002, α = 0.008; Table 2 ). Because of fewer tetrasporophytic MLGs, the difference between high shore cystocarps and tetrasporophytes might be because of a sampling effect (that is, only 57 tetrasporophytes versus 197 cystocarps genotyped from the high shore). There were no differences between the cystocarpic or the tetrasporophytic homozygosities between tidal heights (cystocarps: t = − 2.06, P40.04, α = 0.008; tetrasporophytes: t = 2.56, P40.01, α = 0.008). Nevertheless, the cystocarpic genotyping technique was verified, as there was not an overestimate of homozygosity because of nonamplification of paternal alleles within the cystocarpic DNA (Table 2 ). 
Paternity analysis
The 5 loci chosen for cystocarpic analyses were polymorphic, with 41 alleles at Chc_04, 88 at Chc_23, 61 at Chc_24, 31 at Chc_35 and 52 at Chc_40 ranging from 156 to 470 base pairs.
In total, 167 and 256 sires were distinguished based on their distinct genotypes in the high and low stands, respectively (n total = 423, Table 1 ). Added to the 42 phenotypically male gametophytic fronds sampled in Krueger-Hadfield et al. (2013a) , there were a total of 465 males found at the Port de Bloscon. However, none of the sampled 42 phenotypically male fronds in the 5 m grids fertilized the cystocarps analyzed. Moreover, only one paternal genotype could be unequivocally assigned to a sampled gametophyte that was vegetative at the time of collection (C-8-122). This putative male was compatible with four cystocarps found on female C-9-123, located 25 cm away (Supplementary Figure 1) . Thus, 422 of the reconstructed pMLGs were not sampled in the 5 m grids, thereby rendering it impossible to calculate intermate distances and directly explore dispersal distances.
With the exception of female F-9-249, most females in the high grid had more than one cystocarp sired by the same male, whereas few males sired more than one cystocarp low on the shore (Table 1) , confirming indirect estimates of gene flow in Krueger-Hadfield et al. (2013a) . On a female frond, different cystocarps sired by the same male were not always located next to one another or on the same dichotomy. Finally, no males fertilized carpogonia on more than one sampled female, regardless of shore height.
Although there was unexplained variation when fitting the binomial model, the β-binomial model was of no better fit (P40.12 at both shore heights, see Supplementary Note 1). Standard errors were, therefore, computed assuming a binomial distribution. Nevertheless, the analysis of paternal genotypes revealed that multiple paternity was common among the progeny array. On average, the ratio of males to cystocarps was 0.85 (s.e. = 2.79 × 10 − 4 , n = 9) in the high shore stand and 0.94 (s.e. = 4.98 × 10 − 5 , n = 20) in the low shore stand. In other words, in the high shore, a female with 10 cystocarps had at least 8 different sires, whereas in the low shore, there were at least 9 different sires. This difference between shore heights was significant in that the low shore had significantly more cystocarpic sires than the high shore (χ 2 = 366.84, d.f. = 1, Po0.001).
Parental tetrasporophytes
None of the sampled tetrasporophytes could have produced the male or female gametophytes analyzed (that is, the combination of alleles in each gametophyte analyzed was not present in any of the genotyped tetrasporophytes). Therefore, it was not possible to calculate tetraspore dispersal distance or describe dispersal patterns (that is, clumping) directly.
Kinship coefficients
The whole shore and 5 m grid reference allele frequencies led to little difference when the Loiselle and the Ritland estimators were used for the three kinship pair types (Figure 3 , Table 3 and Supplementary Note 3). Similarly, there were no differences, after Bonferroni correction, between the two estimators for each kinship pair in the high and low shores (Figure 3 , Table 3 and Supplementary Note 2). As there were no differences between reference allele frequencies and the cystocarps that were sampled within the 5 m grids, the 5 m reference allele frequencies were used for subsequent comparisons.
The kinship coefficients were similar between female-male (♀ a − ♂ ♀a ) and male-male (♂ ♀a1 − ♂ ♀a2 ) kinship pairs using both estimators (all P-values nonsignificant after Bonferroni correction; Figure 3 , Table 3 and Supplementary Note 3). In contrast, both female-male and male-male kinship pairs were more closely related to each other than to all the males in the population (Po0.001 with an α = 0.003; Figure 3 , Table 3 and Supplementary Note 3). However, there were no differences between shore levels for each kinship pair (all P-values nonsignificant after Bonferroni correction; Supplementary Note 3). In both grids, even though the average values demonstrated the occurrence of inbreeding, the kinship coefficients were highly variable between females (using the female-male kinship coefficients; Figure 3 and Table 3 ) varying from 0.1 (less than halfsibs) to 0.5 (full sibs and, thus, selfing).
DISCUSSION
Paternity analyses enable the direct study of a mating system by providing information on dispersal, the parentage of the progeny and the relatedness between the parents. In C. crispus, Krueger-Hadfield et al. (2013a) hypothesized that significant heterozygote deficiencies were driven by the mating system and not by spatial substructuring or null alleles. The technique of using cystocarps as the result of fertilization events to reconstruct haploid pMLGs corroborated indirect methods (for example, F-statistics) by revealing high levels of inbreeding as well as documenting multiple paternity. The consequences of multiple paternity and inbreeding in a dioecious alga will be discussed with broader reference to other haploid-diploid organisms and the intertidal shorescape.
Reproductive modes in C. crispus This is the first study to verify cross-fertilization in C. crispus and one of the few such studies in benthic macroalgae. In total, 469 cystocarps (81% of all genotyped cystocarps) were found to have one allele matching the maternal genotype (that is, dam) and the other allele corresponding to a male gametophyte (that is, sire). The cystocarps that did not amplify at one or more loci (n high+low = 98) were most likely the result of poor DNA quality and not null alleles as KruegerHadfield et al. (2013a) demonstrated low null allele frequency at the loci used in this study and Krueger-Hadfield (2011) did not find any evidence of short allele dominance.
Ten cystocarps exhibited pMLGs that fully matched the mMLG. Because of the very low occurrence (o3% of all genotyped cystocarps), this might simply be due to genotyping errors where the paternal genotype did not amplify. However, as high levels of inbreeding were evident in populations of C. crispus, the probability that a zygote produced by intergametophytic selfing is homozygous at all five loci is not negligible. Accordingly, 9 of the 213 field sampled tetrasporophytes were found to be fixed homozygotes at the 8 microsatellite loci used to genotype populations at the Port de Bloscon (Krueger-Hadfield et al., 2013a). Seven of the fixed homozygous tetrasporophytes were sampled high on the shore and the probability that the two alleles at the eight loci used were identical by descent was ∼ 0.16 (Krueger-Hadfield, 2011) . On the other hand, these 10 cystocarps might be evidence of parthenogenesis or self-fertilization (that is, intragametophytic selfing as documented in Klekowski, 1973) occurring at low frequency in natural populations, although this is speculative. Such a low frequency would not have been possible to detect by Krueger-Hadfield et al. (2013a) using population genetic analyses. Parthenogenesis is known to occur in other red seaweeds, such as Mastocarpus papillatus (Krueger-Hadfield et al., 2013b), but is often obligate (Zupan and Wes, 1988) . In C. crispus, these 10 cystocarps occurred on females whose gametes had also been fertilized by other males. Fredericq et al. (1992) described the occurrence of a bisexual gametophytic C. crispus frond. A bisexual frond might undergo a combination of intragametophytic (that is, fertilization by its own spermatium) and intergametophytic selfing (that is, fertilization by a sibling male gametophyte) and/or outcrossing (that is, fertilization by an unrelated male gametophyte). Detailed field sampling and controlled crossing experiments in C. crispus are necessary to determine whether monoecious gametophytes exist and whether they are capable of self-fertilizing while also accepting conspecific spermatia. Figure 3 The kinship coefficients calculated using the estimators of Ritland (1996) and Loiselle et al. (1995) using the allele frequencies from each 5 m grid and the entire shore (both high and low 5 m grids) for (a) the high female-male pairings (♀ a − ♂ ♀a ), (b) the high male-male pairings (♂ ♀a1 − ♂ ♀a2 ), (c) the high male-male allpop pairings (♂ ♀a − ♂ ♀allpop ), (d) the low female-male pairings (♀ a − ♂ ♀a ), (e) the low male-male pairings (♂ ♀a1 − ♂ ♀a2 ) and (f) the low male-male allpop pairings (♂ ♀a − ♂ ♀allpop ). In haploid-diploid species, the kinship coefficients between haploid or diploid full-sibs is 0.5, between half-sibs is 0.25 and between parental genet and offspring is 0.5. Note that kinship coefficient axes vary for each pairing.
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Multiple paternity and relatedness
Multiple paternity has been a common feature observed across taxonomic groups. Even in dioecious haploid-diploid organisms such as mosses, multiple paternity can occur in which more than half of the sporophytes developed on a female plant have different paternal genotypes (for example, Sphagnum lescurii, Szövényi et al., 2009) . At least 6, and as many as 34, different males fertilized each female gametophyte in C. crispus. Multiple mating may be unavoidable, but quantitative studies of the variation in multiple paternity in natural populations of benthic marine organisms are rare (in addition to Engel et al., 1999, see Johnson and Yund, 2007 in the colonial ascidian Botryllus schlosseri). Distance from the female had a significant effect on male gametophyte reproductive success in the red seaweed G. gracilis (Engel et al., 1999) and the moss Polytrichum formosum (Van der Velde et al., 2001) . As the parental tetrasporophytes and the paternal gametophytes were not exhaustively sampled within the 5 m grids, it was not possible to directly quantify dispersal. However, high levels of inbreeding (mean F is high: 0.398, low: 0.207, Krueger-Hadfield et al., 2013a) and relatedness among females and males support dense recruitment of related individuals in C. crispus. This alga occupies a dense, nearly monospecific band in the mid-intertidal. This high population density with relatively low sampling intensity likely accounted for the field sampling of only one of the 423 different cystocarpic sires. However, if fertilization regularly occurs at scales of o25 cm, our sampling strategy would have missed many males as we sampled a frond, if present, every 25 cm. Nevertheless, KruegerHadfield et al. (2013a) observed a generalized pattern in which kinship coefficients decreased with increasing distance until individuals were less genetically similar than at random after performing spatial analyses in the same high and low shore stands at the Port de Bloscon. In the high shore stand, in particular, significant negative slopes over distances classes o1 m suggested related individuals group together. Incorporating these results with the levels of relatedness between sires and dams demonstrates evidence of restricted spermatial dispersal at fine scales of o25 cm.
Restricted spermatial dispersal likely results in correlated paternity, in which progeny may share the same sire and/or derive from related sires. In red seaweeds, correlated paternity originating from the codispersion of spermatia would likely result in a small subset of males siring the majority of cystocarps on the same female. However, in C. crispus, many different males of varying levels of relatedness to the female gametophyte sired cystocarps, suggesting spermatia did not arrive in a single event from a single source. Hardy et al. (2004) demonstrated that correlated paternity in the model plant Centaurea corymbosa was because of limited mate availability driven by limited pollen dispersal distances, heterogeneity in pollen production and phenology and a self-incompatibility system. Unlike C. corymbosa, mate availability was not as limited in C. crispus. Rather, males are plentiful, but limited dispersal coupled with heterogeneity in spermatial production and phenology likely resulted in the high ratios of sires to cystocarps. Unsurprisingly, based on previous spatial analyses, there was no decrease in among-sibship correlated paternity with distance, suggesting that spermatial pool spatial genetic structure may have been weak or, alternatively, our sampling density was not sufficient (Supplementary Note 2).
We had hypothesized an increase in relatedness with increasing shore height, as the high shore can be characterized as more isolated because of cyclical emersion and immersion during tidal cycles. C. crispus populations located high on the shore were less genetically diverse, exhibited increased levels of genetic structure and were characterized by higher levels of inbreeding in comparison with the low shore populations , 2013a . Indeed, many male gametophytes sired more than one cystocarp on the same female, although the overall proportion of sires to cystocarps was significantly lower in the high shore stand as compared with the low shore stand, suggesting less gene flow and gamete retention at this shore height. The high shore end of an intertidal species' distribution can be characterized as more isolated because of cyclical emersion and immersion during tidal cycles and lower density. Populations located high on the shore were less genetically diverse, exhibited increased levels of genetic structure and were characterized by higher levels of inbreeding in comparison with the low shore populations (KruegerHadfield et al., 2011 (KruegerHadfield et al., , 2013a . In other words, high shore populations exhibit similarities with the latitudinal margins of C. crispus, whereas low shore populations exhibit similarities with the center of the latitudinal range.
However, there was no difference detected between the high and low shore female-male and male-male kinship pairs. Because of lower densities and less genetic variability in the high shore stand, fewer female fronds were sampled and there was less power than in the low shore stand. Alternatively, in the high shore, the female gametes may be fertilized by the closest males (that is, from within the same population) and thus not available for gametes brought up the shore with the rising tide. In order to explore the discrepancy between our previous and current studies, all fronds located within very restricted spatial scales (that is, 0.25 m 2 ) need to be sampled. This will enable a more detailed characterization of dispersal events to explore the impacts of clumped spore dispersal on population dynamics as well as understanding the observed stochasticity among females.
Clumped dispersal in the intertidal shorescape Unlike bryophytes (see, for example, Szövényi et al., 2009) and G. gracilis (Engel et al., 1999) , multiple paternity in C. crispus was not associated with selection (that is, female choice) for less inbred sporophytic progeny and, thus, may be completely passive. Clumped spore dispersal likely promoted intergametophytic selfing. In natural C. crispus populations as well as laboratory culture, individual gametophytic holdfasts have been found to be composed of multiple Table 3 The average kinship coefficients calculated using the estimators of Ritland (1996) and Loiselle et al. (1995) using the allele frequencies from the 5 m grids and the entire shore (both high and low 5 m grids) for (1) the high female-male pairings (♀ a − ♂ ♀a ), (2) the high male-male pairings (♂ ♀a1 − ♂ ♀a2 ), (3) the high male-male allpop pairings (♂ ♀a − ♂ ♀allpop ), (4) the low female-male pairings (♀ a − ♂ ♀a ), (5) the low male-male pairings (♂ ♀a1 − ♂ ♀a2 ) and (6) genotypes supporting this hypothesis (SA Krueger-Hadfield et al., unpublished data), although no chimeric fronds were detected. Merging of related individuals may promote survival in C. crispus sporelings (Tveter and Mathieson, 1976) . Similar patterns are evident in other organisms, such as the ascidian Botryllus schlosseri (Grosberg and Quinn, 1986 , merged clusters of highly related genets in the monoecious beech Nothofagus pumilio (Till-Bottraud et al., 2012) and the kelp Lessonia berteroana (Segovia et al., 2014) and genetically chimeric blades arising from meiosis after conchospore (spores produced by the sporophyte) germination in the red alga Pyropia (Porphyra, Bangiales, Zhang et al., 2013) . Clumped propagule dispersal may also be a mechanism by which reproductive assurance is achieved when dispersal is limited or populations are isolated (for example, fertilization in kelp species in which pheromones are detectable over millimeter scales, Muller et al., 1985) . However, clumping arises, these patterns may lead to reduced gene flow and populations may become subject to negative consequences, such as inbreeding.
Unlike diploid-dominant organisms, haploid-diploid seaweeds may exhibit reduced effects of inbreeding depression following mating among related individuals because of efficient purging of deleterious recessive alleles in the haploid stage (Otto and Goldstein, 1992) . The isomorphic life cycles of red seaweeds in the genera Gracilaria and Chondrus may result in a lack of inbreeding depression as all genes could putatively be expressed in both ploidies. However, differences in growth rates and survivability have been demonstrated between haploids and diploids (for example, G. chilensis, Guillemin et al., 2008 Guillemin et al., , 2013 . Richerd et al. (1993) and Engel and Destombe (2002) did not find evidence of inbreeding depression in G. gracilis and demonstrated the possibility of a self-incompatibility complex. The occurrence of inbreeding depression warrants empirical investigation in C. crispus in which high levels of intergametophytic selfing have been demonstrated , 2013a , and this study) and viable spores were produced following full-sib crosses (SA Krueger-Hadfield et al., unpublished data).
CONCLUSIONS
Polyandry was a common phenomenon in a natural population of the red seaweed C. crispus. Unlike some bryophytes and G. gracilis, the only other red seaweed for which detailed information on the mating system is available, polyandry in C. crispus may not have evolved to enable post-fertilization selection for less inbred progeny, but rather as a consequence of clumped tetraspore dispersal coupled with limited spermatial dispersal. The very stark difference in the tidal distribution of G. gracilis (discrete genets in tide pools) versus C. crispus (genets composed of multiple genotypes forming a dense monospecific band) may be an important factor in the two very different mating systems observed. Outcrossing may be the result of extensive gene flow in G. gracilis, whereas very high densities in C. crispus lead to high levels of inbreeding. Thus, the ecology of these two species likely has influenced mating system evolution and warrants comparative investigations in other intertidal, haploid-diploid species with similar distributions. Empirical tests of inbreeding depression as well as a more detailed study of microgeographic kin structure must be undertaken in order to understand the mating system evolution as well as the intertidal shorescape on the evolutionary ecology of C. crispus. Finally, because of the high levels of inbreeding occurring in these populations of a dioecious, haploid-diploid seaweed, dioecy may not be a good proxy for the mating system in these organisms in which forms of inbreeding and/or selfing can occur.
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